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SUMMARY S o l a r PV and t h e r m a l dynamic power systems for a p p l i c a t i o n t o s e l e c t e d LEO and HE0 m i s s i o n s a r e c h a r a c t e r i z e d i n t h e r e g i m e 7 t o 35 kWe. I n p u t p a r a m e t e r s t o t h e c h a r a c t e r i z a t i o n a r e v a r i e d corr e s p o n d i n g t o a n t i c i p a t e d i n t r o d u c t i o n o f improved or new t e c h n o l o g i e s . C o m p a r a t i v e assessment i s
made between t h e two power system t y p e s u t i l i z i n g n e w l y e m e r g i n g t e c h n o l o g i e s i n c e l l s and a r r a y s , e n e r g y s t o r a g e , o p t i c a l s u r f a c e s , h e a t e n g i n e s , t h e r m a l e n e r g y s t o r a g e and t h e r m a l management.
The assessment i s made t o common g r o u n d r u l e s and a s s u m p t i o n s . The f o u r m i s s i o n s (space s t a t i o n , Sun-synchronous, Van A l l e n b e l t and GEO) a r e r e p r e s e n t a t i v e o f t h e a n t i c i p a t e d r a n g e o f m u l t i -k i l o w a t t E a r t h -o r b i t m i s s i o n s . System c h a ra c t e r i z a t i o n s i n c l u d e a l l r e q u i r e d subsystems, a i n c l u d i n g power c o n d i t i o n i n g , c a b l i n g , and s t r u c -$ J t u r e , t o d e l i v e r e l e c t r i c a l power t o t h e u s e r . p Performance i s e s t i m a t e d o n t h e b a s i s o f t h r e e d i f -
f e r e n t l e v e l s of component t e c h n o l o g y : ( 1 ) s t a t e -o f -a r t , ( 2 ) n e a r -t e r m , and ( 3 ) advanced t e c hn o l o g i e s . These r a n g e from p l a n a r a r r a y s i l i c o n p h o t o v o l t a i c s w i t h I P V n i c k e l h v d r o q e n b a t t e r i e s and B r a y t o n systems a t 1000 K ( s t a t e -o f -a r t ) , t o t h i n f i l m GaAs s o l a r c e l l s w i t h h i g h e n e r g y d e n s i t y s e c o n d a r y b a t t e r i e s o r r e g e n e r a t i v e f u e l c e l l s and 1300 K S t i r l i n g systems w i t h u l t r
a l i g h t w e i g h t c o n c e n t r a t o r s and r a d i a t o r s ( a d v a n c e d ) . The system e s t i m a t e s i n c l u d e d e s i g n m a r g i n f o r p e r f o r mance d e g r a d a t i o n s f r o m t h e known e n v i r o n m e n t a l mechanisms ( m i c r o m e t e o r o i d s and space d e b r i s , a t o m i c oxygen. e l e c t r o n and p r o t o n f l u x ) w h i c h a r e modeled and a p p l i e d depending on t h e m i s s i o n .
The r e s u l t s g i v e e x p e c t e d p e r f o r m a n c e , mass and d r a g o f m u l t i -k i l o w a t t E a r t h -o r b i t i n g s o l a r power systems and show how o v e r a l l system f i g u r e o f m e r i t w i l l improve as new component t e c h n o l og i e s a r e i n c o r p o r a t e d .
For example, a g g r e s s i v e development o f s u p p o r t i n g component t e c h n o l o g i e s f o r s o l a r dynamic power systems may r e s u l t i n a 3 t o 1 improvement o v e r SOA. On t h e o t h e r hand, i n c o r p o r a t i o n o f i m p r o v e d c e l l and e n e r g y s t o r a g e t e c h n o l o g i e s i n t o p h o t o v o l t a i c power systems may r e s u l t i n a 4 t o 1 improvement. A l t h o u g h comparison between the two o n t h e b a s i s of mass and d r a g o n l y i s n o t t h e s o l e b a s i s f o r power system s e l e c t i o n , i t i s i n d i c a t i v e of b a s i c t e c h n o l o g i c a l t r e n d s .
INTRODUCTION
S o l a r dynamic systems have l o n g been recogn i z e d as a v i a b l e a l t e r n a t i v e t o p h o t o v o l t a i c ( P V ) systems as a source o f e l e c t r i c a l power f o r s p a c e c r a f t i n E a r t h o r b i t . When compared t o s t a t e -o f -a r t (SOA) PV systems a t m i s s i o n power l e v e l s i n t h e m u l t i k i l o w a t t r a n g e , t h e s o l a r dynamic system d e s i g n s have h i g h e r c o l l e c t o r and c o n v e r s i o n e f f i c i e n c i e s t h a n PV systems, l e a d i n g t o reduced w e i g h t and d r a g [ I ] . Much o f t h i s advantage has t o do w i t h dynamic s y s t e m ' s u s e of c o n c e n t r a t i o n t o p r o d u c e a h i g h t e m p e r a t u r e h e a t SOUrCe t h a t Can d r i v e a h e a t e n g i n e a t h i g h e r C o n v e r s i o n e f f i c i e n c i e s than the s o l a r c e l~s f l o w n t o d a t e .
There a r e a l s o t h e o r e t i c a l advantages t h a t have t o d o w i t h t h e s t o r a g e o f e n e r g y f o r t h e d a r k s i d e p o r t i o n o f t h e o r b i t w h i c h i n LEO a c c o u n t s f o r r o u g h l y o n e -t h i r d o f t h e c y c l e .
The PV System must c o l l e c t , c o n v e r t and s t o r e a l l t h e e n e r g y r e q u i r e d f o r t h e d a r k s i d e p e r i o d as e l e c t r i c a l e n e r g y , w h i c h r e q u i r e s a s t o r a g e medium t h a t i s r e l a t i v e l y heavy and i n e f f i c i e n t . The c o l l e c t o r and power c o n v e r s i o n must b o t h be o v e r s i z e d i n o r d e r to c o l l e c t t h i s e n e r g y d u r i n g t h e s u n l i t p o r t i o n . On t h e o t h e r hand t h e s o l a r dynamic (SD) system s t o r e s i t s d a r k s i d e e n e r g y as h e a t w h i c h i s c o n t a i n e d i n a much more energy-dense medium (302 W-hr/kg f o r l i t h i u m f l u o r i d e t h e r m a l s t o r a g e v e r s u s IO t o 50 W-hr/kg for s e c o n d a r y b a t t e r i e s ) .
The SD system t h e n p e r f o r m s c o n v e r s i o n t o e l e c t r ic a l power c o n t i n u o u s l y d u r i n g t h e e n t i r e o r b i t so t h a t o n l y t h e c o l l e c t o r has t o be o v e r s i z e d ; t h e c o n v e r t e r ( h e a t e n g i n e and r a d i a t o r ) does n o t . D e s p i t e t h e s e advantages s o l a r dynamic systems were n e v e r d e v e l o p e d f o r space use.
SD development was c u r t a i l e d i n 1970 because a n t ic i p a t e d power r e q u i r e m e n t s f o r t h e r e m a i n i n g m i ss i o n s ( t y p i c a l l y l e s s t h a n 1 kWe) were too low f o r t h e s e advantages t o be e f f e c t i v e l y e x p l o i t e d ; as a r e s u l t p h o t o v o l t a i c s have been t h e s o l a r power system o f c h o i c e f o r a l l m i s s i o n s f l o w n t o d a t e . W i t h t h e a n t i c i p a t e d i n c r e a s e i n power r e q u i r e m e n t s f o r space s t a t i o n m i s s i o n s and beyond, however, t h e advantages of s o l a r dynamic systems a r e a g a i n b e i n g e x o l o r e d .
F u n d i n g f o r
To bring space solar dynamics to fruition, several different component technologies must be concurrently developed. There are programs underway to accomplish this. In addition to the solar dynamic power module development effort for space station, advanced concentrator and heat receiver technology is being developed for higher temperature Brayton and Stirling systems (the Brayton conversion is considered to be mature technology while the Stirling is in advanced development stage). If adequate funding for these programs is continued, verification of advanced concentrator and heat receiver components could be expected in the 1993-94 timeframe. Successful development of these components should lead to a space power system with unique capabilities, well suited to capture some of the future high power space missions that are contemplated.
To see where the state of SD technology may progress if these components can be successfully developed, it is useful to consider its competitive potential vis a vis the more well established PV systems, considering the overall system improvements to each that may result if new or improved component technologies become available. To do this, a study was performed to characterize both solar P V and thermal dynamic power systems as competitors with respect to their mass and drag area. Mass and drag area are not the only attributes to be considered in selection of power systems for space use; but they are important discriminators.
Four near-Earth orbit missions, representative of multikilowatt-electric missions anticipated for the post 1990 timeframe, were chosen. They ranged from space station in LEO to a military mission in the Van Allen Belt (Table I ). Typically LEO missions encounter higher drag, where solar dynamic systems should hold an advantage due to reduced collector area resulting from their higher overall conversion efficiency. Van Allen Belt missions should also favor solar dynamic systems due to their inherent insensitivity to radiation which degrades the PV's. On the other hand the Sunsynchronous mission, which has no darkside period, should favor the PV's instead since no energy-storage is required.
With the mission requirements established, solar dynamic and photovoltaic power system conceptual designs were generated for each mission on the basis of the major system components: system designs were generated to meet the mission requirements, assuming physical configurations according to Figs. 1 and 2 for solar dynamic and photovoltaic systems respectively. Each design was optimized for that particular mission, taking into account various performance and degradation factors associated with length of mission and exposure to orbital and environmental effects which affect performance, or must be compensated for by additional mass. These effects would include the performance variation as operating temperature is varied over the orbit (Fig. 3) due to solar exposure, Earth albedo, and solar cell output power degradation from exposure to the space radiation environment (Fig. 4 ). For example, Fig. 5 shows how array radiation exposure and degradation over 7 years exposure can be reduced by increasing coverglass thickness to forestall radiation degradation. Increasing the thickness reduces the degradation leading to less power loss at end of life, but at the expense of increasing array mass. Fig. 6 shows the optimum coverglass thickness for that tradeoff applied to mission 4. Table I1 summarizes the orbit environmental effects that were considered.
For the missions of interest, SD and P V power
The system components were characterized at three levels of technology according to the following definitions.
Space Station Era
The current state-of-art; roughly equivalent to NASA technology levels 7 to 9. Systems are well described in the space station documents and other references. Hardware development programs are in place. Supporting technologies are available now (approximately 1985 technology) and flight hardware would be available according to the space station development schedule. The space station era solar dynamic systems considered were the 1000 K closed Brayton cycle (CBC) and 700 K organic Rankine cycle (ORC) systems, employing pumped loop or heat pipe radiators for heat rejection [31. Space station era P V systems were planar silicon (Si) Table 111 . The photovoltaic systems are likewise summarized in Table IV. When a competitive assessment is made it is important that the various technology levels are strictly defined. something that has not been developed yet to existing state-of-art. To ensure impartial comparison within the mission regime, a common set of ground rules and assumptions was applied to the designs, namely:
(1) Power system mass estimates include all components necessary to deliver electrical power to a common bussbar. The SD systems included all of the support structure, gimbals, fine pointing mechanism and hardware required to mount them to the spacecraft and track the Sun independent of spacecraft attitude. On the other hand, power conditioning was limited to a frequency changer to put it on a common footing with the PV system. For PV systems there was included, in addition to the PV array itself, all of the mast, joints, A common mistake is to compare --295 I structure, electrical leads and wiring harness, blanket box, roll rings, all of the power conditioning associated with charge and discharge of the battery, and an inverter. However, thermal management of the electronic equipment was not included for either SO or PV.
( 2 ) The power systems were specified to deliver the same form of electrical power to the bussbar. Twenty kilohertz single phase ac was selected since it is appropriate for multikilowattelectric power but yields no inherent integration advantage to either dynamic systems (low-frequency, high voltage ac) or PV/battery systems (low voltage dc). Parts of Power Management and Distribution (PMAD) downstream o f the bussbar, which would be common to both systems, were excluded.
(3) All the contingency, excess, redundancy and safety factors in reported component figures of merit were eliminated. For example, if a reported solar dynamic design used dual PCU's for redundancy, the study characterization based the converter weight on only one unit.
(4) Orbital drag was time averaged taking into account changes in frontal area with sun orientation during the orbit period. The space environment and orbital parameters were defined at nominal conditions. For example, Fig. 7 shows the atmospheric density that was assumed for missions 1 and 2; Fig. 8 shows the trapped electron and proton environment that was applied to mission 3 photovol tai c arrays.
RESULTS
The result of this study was two families of system conceptual designs to fill the matrix of cases given in Table V . Each system design resulted in a component mass breakdown and estimates of overall characteristics including total system mass. The total system mass would be not only the mass of all component hardware previously described, but also the mass of makeup propellant needed to overcome orbital drag during the mission (a thruster specific impulse of 200 sec was assumed). Although the hardware weights o f these space station era systems are roughly equivalent, the solar dynamic system's reduced drag area results in lower overall mass than photovoltaics. For LEO missions, orbital drag discriminates against power systems with low collector efficiency.
Considering the future growth space station (mission 2 ) Table VI(b) gives results for near t e r m , and advanced t e c h n o l o g y c h a r a c t e r i z a t i o n s . I n t h e near t e r m , i n t r o d u c t i o n of APSA t e c h n o l o g y w i l l s i g n i f i c a n t l y reduce t h e w e i g h t o f p l a n a r s i li c o n a r r a y s t o where hardware w e i g h t of t h e PV system w i l l be l e s s t h a n s o l a r dynamics. Yowever, because c o l l e c t o r e f f i c i e n c y i s l o w e r , i t s g r e a t e r d r a g negates t h e hardware w e i g h t advantage a t reduced a l t
g a i n m a i n l y due t o i n t r o d u c t i o n o f h i g h e r d e n s i t y e n e r g y s t o rage ( s o d i u m -s u l f u r b a t t e r y ) . W i t h t h e i n t r o d u ct i o n o f h i g h e f f i c i e n c y c e l l s t h a t a r e a l s o l i g h t i n w e i g h t (GaAs c e l l s made b y t h e c l e f t p r o c e s s ) t o t h e improved APSA a r r a y , d r a g a r e a i s a l s o r e d u c e d . A t t h i s p o i n t t h e d r a g makeup p e n a l t y i s a b o u t t h e same f o r b o t h systems, and t h e mass and d r a g advantage o f s o l a r dynamics o v e r t h e P V ' s appears t o be l o s t . T a b l e V I ( c ) shows system t o t a l s f o r t h e Van A l l e n B e l t m i s s i o n . The PV system hardware mass i s l e s s t h a n t h e e q u i v a l e n t s o l a r dynamic system even though t h e a r r a y p e n a l t i e s due t o r a d i a t i o n d e g r a d a t i o n i n t h i s o r b i t have been t a k e n i n t o a c c o u n t . T h a t i s m a i n l y because l e s s e n e r g y s t o rage i s r e q u i r e d s i n c e t h e d a r k s i d e f r a c t i o n of o r b i t f o r t h i s m i s s i o n i s l e s s t h a n i n LEO. S o l a r dynamic systems do n o t appear c o m p e t i t i v e f o r t h i s m i s s i o n . The g r e a t e r d r a g a r e a o f t h e PV systems a r e n o t a s i g n i f i c a n t p e n a l t y h e r e because a l t it u d e i s h i g h enough t h a t o r b i t a l d r a g i s n e g l i g i b l e . T a b l e V I ( d ) g i v e s r e s u l t s f o r t h e Sunsynchronous m i s s i o n . The a l t i t u d e i s s t i l l h i g h enough t h a t d r a g , a l t h o u g h n o t n e g l i g i b l e , i s s m a l l . On a mass b a s i s f o r a l l t h r e e t e c h n o l o g y l e v e l s c o n s i d e r e d , s o l a r dynamic systems have no a p p a r e n t advantage o v e r p h o t o v o l t a i c systems for t h i s m i s s i o n because no d a r k p e r i o d e n e r g y s t o r a g e i s needed.

CONCLUSIONS I f a l l o f t h e r e q u i r e d component t e c h n o l o g i e s f o r s o l a r dynamic systems a r e developed as p r o j e c t e d , t h e i r mass and d r a g advantage o v e r phot o v o l t a i c systems w i l l be m a i n t a i n e d o n l y a t low a l t i t u d e s where o r b i t a l d r a g and shade p e r i o d i s a p p r e c i a b l e . T h i s advantage i s e r o d i n g as new PV and b a t t e r y t e c h n o l o g i e s a r e i n t r o d u c e d . F i g u r e 9 summarizes how s o l a r dynamic systems f o r LEO ( m i s s i o n 2 ) c o u l d be improved o v e r SOA t h r o u g h r e a l i z a t i o n o f advanced component t e c h n o l o g i e s i n t h e n e a r t e r m and beyond. I n t h e near term, t h e CBC would improve as a r e s u l t o f h i g h e r i n l e t t e m p e r a t u r e s , and a d o p t i o n o f t h e FPSE c o u l d y i e l d an a d d i t i o n a l improvement o v e r t h a t , due t o t h e S t i r l i n g ' s f l a t t e r h e a t r e j e c t i o n c h a r a c t e r i s t i c ( r e q u i r e s l e s s r a d i a t o r a r e a ) . Howe v e r , t h e g r e a t e s t o v e r a l l improvement c o u l d be made by development o f t h e advanced c o n c e n t r a t o r
and h e a t r e c e i v e r , w h i c h i s a p p l i c a b l e t o b o t h C8C and S t i r l i n g . U l t i m a t e l y s o l a r dynamic system p e rformance i s n o t l i m i t e d b y e n g i n e h i g h t e m p e r a t u r e c a p a c i t y b u t t h e a b i l i t y o f t h e c o n c e n t r a t o r / r e c e i v e r t o a c h i e v e t h a t t e m p e r a t u r e .
L o o k i n g f o r w a r d t o f u r t h e r advanced t e c h n o l og i e s t h e c o n c e n t r a t o r may be reduced i n w e i g h t b y a f a c t o r o f t h r e e o r more, and t h e r a d i a t o r b y a f a c t o r o f two or more from SOA. Based o n t h e d a t a p r e s e n t e d h e r e i n , t h e o v e r a l l development p a y o f f t h a t c o u l d r e s u l t would be a p p r o x i m a t e l y t h r e e f o l d . 2 . P . A . I l e s . "SDace S o l a r C e l l s -The Movina T a r g e t , " P r o c e e d i n g s o f t h e 2 3 r d I n t e r s o c i e t y Energy C o n v e r s i o n E n g i n e e r i n g C o n f e r e n c e , Vol. 3 , I E E E , P i s c a t a w a y , NJ, 1988, pp. 75-78. 3 . R . V . B o y l e , M.G. Coombs, and C.T. K u d i j a , " S o l a r Dynamic Power O p t i o n f o r t h e Space S t a t i o n , " P r o c e e d i n g s o f t h e 2 3 r d I n t e r s o c i e t y Energy C o n v e r s i o n E n q i n e e r i n q Conference, Vol. 3, I E E E , P i s c a t a w a y , NJ, 1988, pp. 319-328. 4. J.W. Dunninq J r . , "Space S t a t i o n Power System I n c l i n a t i o n , S u n l e c l i p s e , Compare de9 m i n a t y e a r s 28.5 54.76136.38 3 a f t e r BOL 28.5 58.75135.68 7
However, t h e p h o t o v o l t a i c systems f o r t h e s e m i s s i o n s w i l l u n q u e s t i o n a b l y be improved o v e r t h e same t i m e o e r i o d s ( F i g . 10) s i n c e t h e i r component t e c h n o l o g i e s a l s o have development prograins i n Place, e x c e e d i n g t h e e x p e n d i t u r e f o r SD component development by more t h a n 10 t o 1 . Based on t h e s t u d y d a t a , t h e o v e r a l l development p a y o f f f o r PV a p p l i e d t o m u l t i -k i l o w a t t LEO i n i s s i o n s appears t o be a f o u r f o l d r e d u c t i o n i n system hardware w e i g h t . systems w h i c h have n o t been developed y e t i s a t b e s t a s p e c u l a t i v e e f f o r t . The f o r e g o i n g comparison i s a p r e d i c t i o n based on a n t i c i p a t e d f u t u r e development, and i s made o n l y on t h e b a s i s o f system mass and d r a g . W h i l e i t i s i n d i c a t i v e o f t e c hn o l o g i c a l t r e n d s i t does n o t r e p r e s e n t a l l o f t h e c r i t e r i a f o r power system s e l e c t i o n . There a r e o t h e r i m p o r t a n t a t t r i b u t e s , i n c l u d i n g b u t n o t l i mi t e d to: l i f e c y c l e c o s t s , system r e l i a b i l i t y , g r a c e f u l d e g r a d a t i o n response t o f a i l u r e , ease o f s p a c e c r a f t i n t e g r a t i o n and ( f o r m i l i t a r y m i s s i o n ) s u r v i v a b i l i t y t o h o s t i l e t h r e a t s w h i c h may t a k e precedence o v e r mass and d r a g , depending on t h e s p e c i f i c s o f t h e m i s s i o n . When t h e s e o t h e r a t t r ib u t e s ( s u c h as r a d i a t i o n h a r d n e s s ) a r e c o n s i d e r e d , t h e r e may be m i s s i o n s whose r e q u i r e m e n t s a r e more u n i q u e l y s u i t e d t o s o l a r dynamics, (near-Sun or m i l i t a r y m i s s i o n s ) or may y i e l d advantages beyond t h e scope o f t h i s comparison -t h e r e f o r e , b o t h t e c h n o l o g i e s w i l l c o n t i n u e t o be pursued a t t h e p r e s e n t t i m e . C o m p e t i t i v e c h a r a c t e r i z a t i o n
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